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On 28 June, 2002, a deep-focus (566 km) earthquake with a moment magnitude of 7.3 occurred in the China-
Russia-North Korea border region. Despite its deep focus, the earthquake produced an infrasound signal that
was observed by the remote infrasound array (CHNAR), 682 km from the epicenter, in South Korea. Coherent
infrasound signals were detected sequentially at the receiver, with different arrival times and azimuths indicating
that the signals were generated both near the epicenter and elsewhere. On the basis of the azimuth, arrival time
measurements, and atmospheric ray simulation results, the source area of the infrasonic signals that arrived
earlier were located along the eastern coastal areas of North Korea and Russia, whereas later signals were
sourced throughout Japan. The geographically-constrained, and discrete, distribution of the sources identified is
explained by infrasound propagation effects caused by a westward zonal wind that was active when the event
occurred. The amplitude of the deep quake’s signal was equivalent to that of a shallow earthquake with a
magnitude of approximately 5. This study expands the breadth of seismically-associated infrasound to include
deep earthquakes, and also supports the possibility that infrasound measurements could help determine the depth
of earthquakes.
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1. Introduction
Studies of earthquake-generated infrasound have bene-
fitted from recent worldwide deployment of modern in-
frasound arrays; an example of which is the global infra-
sound network of the International Monitoring System of
the Comprehensive Nuclear Test-Ban Treaty (Christie and
Campus, 2010). These studies have described the charac-
teristics of infrasound signals from large earthquakes and
have analyzed the infrasound signals to reconstruct earth-
quake source regions and interpret coupling phenomena be-
tween ground motion and the atmosphere (Le Pichon et al.,
2002, 2006). Special emphasis has been placed on solving
the problem of coupling between atmospheric, and ground,
motions caused by earthquakes in order to properly inter-
pret the signatures of earthquake-generated infrasound. Al-
though the use of infrasound data to interpret an earth-
quake’s source mechanism is not comparable to interpre-
tations based on seismological data, seismic and infrasonic
wave fields can be combined to characterize the natural phe-
nomena associated with earthquakes. The detection limits
of infrasound technology have been expanded beyond at-
mospheric phenomena to include phenomena in the Earth’s
interior.
Infrasound signals associated with the ground motion
produced by a large earthquake are usually classified ac-
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cording to the source location relative to the epicenter
and receiver locations as local, epicentral, or secondary-
source infrasound. Disturbing the air pressure around an
infrasound source requires significant ground motion (e.g.,
large-amplitude surface waves). Most studies have focused
on phenomena associated with shallow earthquakes that
take place in the Earth’s crust. The 1994 Bolivia Mw 8.3
earthquake, which was in the mantle at a depth of 647 km
(Frohlich, 2006), generated strong ground motion, which,
in turn, could have generated infrasound. Infrasound from
a deep-focus earthquake, however, has not yet been docu-
mented.
On 28 June, 2002, a deep-focus earthquake occurred
near the China-Russia-North Korea border at a depth of
566 km, with a moment magnitude of Mw 7.3, in asso-
ciation with reverse fault displacement along a northeast-
striking structure (Park and Mori, 2008). This deep-
focus earthquake occurred near the base of the Wadati-
Benioff zone, where the Pacific oceanic plate begins its de-
cent into the mantle (43.803N, 130.655E, 17:19:30 UTC,
http://earthquake.usgs.gov). Despite its deep focus, infra-
sound signals associated with this earthquake were doc-
umented at a remote seismo-acoustic array, CHNAR, in
South Korea. This study reports infrasound data from this
earthquake, and is the first report of infrasound signals asso-
ciated with a seismic event in the upper mantle. The charac-
teristics of the infrasound received by the array were investi-
gated, and source locations were estimated using an inverse
location procedure, and both infrasonic and seismic wave
parameters. To explain the geographically-limited source
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Fig. 1. (a) Acoustic (upper) and seismic (lower) waveforms recorded at CHNAR. A spectrogram of acoustic data (CHN03) is plotted under the
waveform. Gray boxes indicate dominant infrasound arrivals, and local and epicentral secondary-source infrasound. (b) Results of progressive
multi-channel correlation calculations on the infrasonic recordings in terms of azimuth and apparent velocities in the frequency range of 0.1–3.0 Hz.
Sequential and discrete detection results are marked by boxes labeled S1–S4, respectively.
area for the infrasound, ray tracing in an atmospheric model
was undertaken and compared with the observed data. In-
frasound amplitude and duration were compared with in-
frasound records from relatively shallow, large earthquakes
reported in previous studies.
2. Infrasound Signal Detection
The Korea Institute of Geoscience and Mineral Re-
sources (KIGAM), in collaboration with the Southern
Methodist University, operates an infrasound network in
South Korea that consists of eight seismo-acoustic arrays.
Development of the arrays began in 1999 with the goal of
detecting distant infrasound signals from natural and an-
thropogenic phenomena in and around the Korean Penin-
sula. However, when the deep-focus earthquake occurred
in June 2002, only one seismo-acoustic array of the net-
work (CHNAR) was functioning. CHNAR, a triangu-
lar four-element 1-km-aperture seismo-acoustic array, was
equipped with GS-13 short-period seismometers and co-
locating modified Validyne DP250 microbarometers that
have a pass-band of 0.05–20 Hz, connected to 11 radial
arms consisting of 8-m-long porous hoses at the surface
to reduce infrasound background noise around the sensors
(Stump et al., 2004). The distance from the array to the epi-
center of the earthquake was 682 km, and the distance to the
hypocenter was 886 km. The true azimuth from the array to
the epicenter was 24.6◦ (Fig. 2).
Figure 1(a) shows the seismic and infrasound signals
from the deep-focus earthquake that were recorded at
CHNAR. Infrasound channels are band-pass filtered for a
frequency range of 1–2 Hz. Local infrasound signals that
were aligned to, and coeval with, the dominant seismic P-
wave of the event were induced by coupling of ground mo-
tion passing beneath the microbarometers. The initial signal
was followed by long-duration infrasound signals lasting
about 90 minutes after the seismic event; such long wave
trains were presumably generated by ground motion around
the epicenter and in other regions.
Fig. 2. Infrasound source location results based on a grid search using the
observed infrasound wave parameters and the infrasound source map.
Colored dots indicate infrasound source locations, colored according to
travel time. The star marks the location of the seismo-acoustic array
CHNAR and triangles indicate seismological stations used for measur-
ing real peak ground motions for the location procedure.
A progressive multi-channel correlation method (PMCC,
Cansi, 1995) was applied to detect coherent infrasound sig-
nals and to estimate the wave parameters of the signals, such
as the back azimuth and apparent velocity. In this study, we
used the PMCC method to make regional wavefield esti-
mates focusing on a group velocity range of 0.25–0.40 km/s
using a window length of 60 s and a frequency band of 0.1–
3 Hz. Figure 1(b) displays the estimates of azimuth and ap-
parent velocity of the coherent signals detected by the array.
The correlation method was applied to the pre-seismic P-
arrival to identify prevailing background infrasound noise
(microbaroms). Microbaroms with a frequency below 1 Hz
arrived at the array from the east (95.9±5.3◦; Fig. 1(b)).
Some signals, marked by dotted boxes in Fig. 1(b), included
several discrete infrasound signal groups that were detected
by the progressive multi-channel correlation. On the basis
of the azimuth values, the first three signal groups (S1–3)
arrived at CHNAR from the northeast (mean azimuths are
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25.1◦, 27.8◦ and 35.4◦, respectively), whereas a later signal
(S4) of longer duration arrived from southeastern (100.3◦)
to northeastern (55.8◦) directions.
3. Infrasound Source Location
The location of an earthquake-related infrasound source
can be calculated using an inverse location procedure and
the earthquake’s seismic and infrasound data (Le Pichon et
al., 2002). The location of each detected infrasonic sig-
nal can be back-projected on its back-azimuth value to the
source location. The distance of the projection is inversely
determined by fitting the observed infrasound arrival time
to the calculated time, which includes seismic propagation
time from the hypocenter to any source point and infra-
sound travel time from the source point to the receiver. This
study used a method that is similar to the inverse location
method and incorporates ray-tracing results to calculate az-
imuth deviation and celerity variation depending on source-
to-receiver paths (ray-tracing is discussed further below).
Celerity refers to a propagation velocity that is calculated
by dividing the propagation range from the source to the
receiver by the travel time. From the ray-tracing, the celer-
ity and azimuth deviation of eigenrays were calculated for
each geographical location to the receiver, covering a broad
source area within 34–44◦N and 125–145◦E to include all
possible sources. The resulting maps show how these pa-
rameters vary depending on the location of the assumed
sources. In addition to the maps, times of peak ground mo-
tion at sources were interpolated from real seismological
data. An infrasound source map was then made, in which
each geographic point has its own possible infrasound travel
time that includes both the propagation time of realistic
seismic waves and infrasound calculated from the celerity
map. Each point on the map has a corrected azimuth value
that is calculated from the azimuth deviation map. For az-
imuths, this approach allows correction of azimuth devia-
tion along a great circle, where differences are caused by
different propagation paths and infrasound phases. Finally,
the best source locations for each detected signal (points in
Fig. 1(b)) were grid-searched from the infrasound source
map in terms of infrasound arrival time and azimuth mea-
sured at the receiver.
Results of the grid search location procedure for the
epicentral-secondary infrasound signals (Fig. 2) show that
all source locations were east of the receiver. Three detec-
tion groups (S1–3) were located along the eastern coastal
area of North Korea and Russia. Later arrivals (S4) were
located in a broad area in the central to northern part of
the Japanese islands. Other detection groups with low fre-
quency, between detection groups S1–S3, were located in
ocean areas. These detections have azimuth and frequency
(<1 Hz) characteristics that are similar to background co-
herent noise and were interpreted to be related to micro-
barom activity at the time of the earthquake but to be un-
related to its ground motion. Group S4 was identified as
signals generated by ground motions because of (i) its fre-
quency content (up to 1.8 Hz) and amplitude which are rela-
tively higher/larger than those of microbaroms, and, mainly,
(ii) due to a large azimuthal variation (from 100.3 to 55.8◦)
characterizing earthquake-associated infrasound produced
Fig. 3. Ray density map for a large potential source area. The color code
indicates a number of eigenrays passing through the receiver (CHNAR).
Uncolored areas in the rectangle are areas from which no ray was
predicted to be detected at CHNAR. Black dots are infrasound source
location results from Fig. 2.
Fig. 4. Relation of earthquake magnitude with (a) corrected amplitude
and (b) signal duration of infrasound signals comparing amplitude and
duration of signals from deep earthquakes to shallow earthquakes (stars
indicate observations from Mutschlecner and Whitaker, 2005; diamonds
indicate events analyzed by Le Pichon et al., 2006 and the studied
earthquake).
along the Japanese island arc (Che et al., 2007).
In general, topographically-elevated areas are good infra-
sound radiators when an earthquake’s seismic waves pass
through these areas and vertical ground motion interacts
with air masses above them. The location results in Fig. 2
indicate geographically-limited coastal areas, rather than
regions at higher elevation close to the epicenter. If the
topographically-elevated areas had been major radiators of
the earthquake, CHNAR should have recorded abundant
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signals excited from the mountainous areas, rather than the
coastal areas and Japanese islands indicated by the results.
The location results for the dominant infrasound signals,
particularly S1, S2, and S3, are located at nearly equal spac-
ings of approximately 230 km.
4. Infrasound Ray-tracing
To explain the asymmetry of the location results and to
make an infrasound source map, atmospheric ray-tracing
was performed for a broad source area using empirical
atmospheric models (Horizontal Wind Model/Mass Spec-
trometer, Incoherent Scatter: HWM93/MSISE-90 (Hedin,
1991)). Ground motions in a widespread area that includes
the epicentral region were potential infrasound sources, and
thus a large possible source area (box in Fig. 3) was de-
fined for the ray-tracing. Grid points at 0.2◦ spacing were
set as point sources and a set of rays with different take-off
angles were shot to CHNAR from each grid point. Rays in-
tersecting a disk of radius 20 km centered on CHNAR were
selected to construct an eigenray density map (Antier et al.,
2007).
Figure 3 shows the eigenray density map for the entire
potential source area. Within the wide source area (box),
color codes indicate populations of eigenrays for each grid
source; uncolored areas in the box indicate the absence
of infrasound arrival due to atmospheric propagation ef-
fects. At the time of the earthquake, strong westward zonal
winds would have limited detection to those sources east
of CHNAR. A large population of eigenrays (warm colors)
is repeated in concentric bands, with a spacing of approx-
imately 220 km, and resulted from multiple reflections of
the dominant stratospheric phase(s) onto the ground. Al-
though the grid-searched location results do not coincide
precisely with these concentrically-banded areas, charac-
teristics of discrete intervals of the coastal locations (S1–
S3) match approximately with the locations of the predicted
concentric bands. Furthermore, because of the westward
zonal winds, the northern margin of the predicted source
area was between the epicenter and the receiver. Therefore,
the discrete, localized sources, S1–S3, can be attributed to
marginal effects under the atmospheric condition that ex-
plains the limited local sources and absence of infrasound
signals arriving from mountainous regions located to the
left side of the margin. The discrepancies between the lo-
cation results and the ray density map are interpreted as
a function of the complexity of, and differences in, atmo-
spheric structures that could not be explained in the atmo-
spheric model used by this study.
5. Infrasound Source Scaling
The observed infrasound signals were corrected accord-
ing to propagation distance and wind effects to estimate the
amplitude at the sources (Whitaker et al., 2003). The cor-
rected amplitude and signal duration (only diffracted infra-
sound signals detected above PMCC detection thresholds)
of the earthquake were compared with those from relatively
shallow earthquakes (Le Pichon et al., 2006). The corrected
amplitude of the deep earthquake is smaller than the regres-
sion trend (dotted line) of shallow earthquakes (Fig. 4(a)),
and the amplitude is approximately equivalent to that from
a shallow earthquake of magnitude 5. The general trend of
signal duration for the deep earthquake shows little differ-
ence from the general trend of shallow earthquakes and can-
not be used to distinguish deep earthquakes from shallow
ones. These comparisons imply that corrected infrasound
amplitudes can be used to determine earthquake depth, as
had been suggested by Arrowsmith et al. (2011).
6. Conclusions
Infrasound signals were recorded from a deep-focus
earthquake that occurred at the base of the Pacific plate,
where it is being subducted under the Eurasian plate. The
infrasound array CHNAR recorded sequential signals con-
sisting of local, near epicentral, and secondary infrasound
produced by ground shaking associated with the deep earth-
quake. Source locations of the epicentral-secondary infra-
sound signals were searched by matching measurements us-
ing a modeled infrasound source map. Source locations
of epicentral and secondary infrasound signals were geo-
graphically limited to discrete locations, a finding which
is explained by a ray density map as the result of large-
scale atmospheric conditions at the time when the event oc-
curred. Under the prevailing westward zonal winds, only
infrasound produced in areas east of the receiver was de-
tectable, even though ground motion may have been pro-
duced over a broad area. This study confirmed that atmo-
spheric conditions are critical to the detectability of infra-
sound signals for distant sources. Even the analyses pre-
sented in this study are reasonably well explained by the
empirical HWM93 wind model, further studies should in-
corporate more realistic atmospheric specifications to bet-
ter characterize the seismic source from remote infrasound
observations. Furthermore, given that the excitation mech-
anism of earthquake-associated infrasound is related to
ground motion at the Earth’s surface, the characteristics of
deep-quake-associated infrasound signals cannot be distin-
guished from those of shallow earthquakes. Nonetheless,
this observation expands the detection regime of infrasound
technology, which has hitherto been widely used to study
pressure variations caused by natural and anthropogenic
phenomena in the atmosphere, into the Earth’s deep inte-
rior.
This study shows that the corrected amplitude of the
deep earthquake is lower than amplitudes of shallow earth-
quakes. Compared with amplitude data from shallow earth-
quakes, the corrected amplitude of the deep earthquake was
equivalent to that from a shallow earthquake with a magni-
tude of approximately 5. This implies that ground motion
equivalent to that of an earthquake with a magnitude of ap-
proximately 5 existed near the epicenter and in surround-
ing regions that have only sparse seismic network cover-
age. Four smaller deep earthquakes with magnitudes of
5.7–6.9 have occurred near the hypocenter of this study
since the installation of the array, but no associated infra-
sonic signals were detected by the array. It was reported
that relatively shallow earthquakes with a magnitude de-
tection threshold below 5 generate atmospheric infrasound
waves through low-frequency oscillation of the Earth’s sur-
face (Mutschlecner and Whitaker, 1998; Arrowsmith et al.,
2012). Thus, this deep earthquake with a magnitude equiv-
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alent to that of a shallow magnitude 5 earthquake was able
to generate detectable infrasound, but ground motions of
the other, smaller deep earthquakes were not sufficient to
generate detectable infrasound. The observation of a deep
earthquake’s infrasound amplitude being lower than that
of a shallow earthquake of similar magnitude supports the
concept that infrasound can be used to determine depth, as
suggested by Arrowsmith et al. (2011). Defining this rela-
tionship better will require more infrasound measurements
of earthquakes at different depths. In addition, since at-
mospheric conditions significantly affect the propagation
of infrasound and determine its detectability and ampli-
tude at the receiver, propagation-path amplitude loss should
be considered in the development of an infrasound depth-
discrimination algorithm.
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